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SUMMARY

Carica and Vasconcellea are two closely related sister genera in the family Caricaceae, and were once classified

as two sections under Carica. Sex chromosomes have been found in papaya and originated approximately

2–3 million years ago. The objectives of this study were to determine whether sex chromosomes have evolved

in Vasconcellea. Six X/Y gene pairs were cloned, sequenced and analyzed from three dioecious, one trioecious

and one monoecious species of Vasconcellea. The isolation of distinctive X and Y alleles in dioecious and

trioecious species of Vasconcellea demonstrated that sex chromosomes have evolved in this genus.

Phylogenetic analyses indicated a monophyletic relationship between the X/Y alleles of Carica and those of

Vasconcellea. Distinctive clusters of X/Y alleles were documented in V. parviflora and V. pulchra for all

available gene sequences, and in V. goudatinana and V. cardinamarcensis for some X/Y alleles. The X and Y

alleles within each species shared most single nucleotide polymorphism haplotypes that differed from other

species. Limited evidence of gene conversion was documented among the X/Y alleles of some species, but was

not sufficient to cause the evolutionary patterns reported herein. The Carica and Vasconcellea sex

chromosomes may have originated from the same autosomes bearing the X allelic form that still exist in

the monoecious species V. monoica, and have evolved independently after the speciation event that separated

Carica from Vasconcellea. Within Vasconcellea, sex chromosomes have evolved at the species level, at least for

some species.

Keywords: molecular evolution, papaya, sex chromosomes, single nucleotide polymorphisms haplotype,

Vasconcellea.

INTRODUCTION

The small family Caricaceae consists of six genera and 35

species, of which 32 are dioecious. The three non-dioe-

cious species are from the genera Carica and Vasconcellea,

and comprise trioecious C. papaya and V. cundinamarc-

ensis and monoecious V. monoica. These two closely re-

lated sister genera were once classified as two sections in

the genus Carica. However, recent molecular and DNA

marker data have clearly separated these two sections,

resulting in the reinstatement of these two genera (Arad-

hya et al., 1999; Badillo, 2000; Van Droogenbroeck et al.,

2002; Kyndt et al., 2005; Ming et al., 2005). Carica papaya is

the only species in the genus Carica, while Vasconcellea is

the largest genus in the family and includes 21 species, of

which one is monoecious, 19 are dioecious and one is

trioecious. These two genera are still considered the most

closely related in the family, as inter-generic hybridization

is possible through embryo rescue (Manshardt and

Wenslaff, 1989). Many traits in Vasconcellea have the po-

tential to improve papaya, such as resistance to papaya

ringspot virus (PRSV) from V. caulifora, the pleasant fra-

grance of V. stipulate, the cold tolerance of V. cundinam-

arcensis, the ornamental qualities of pink-flowered
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V. parliflora and the monoecious habit of V. monoica

(Manshardt and Wenslaff, 1989).

Dioecy results in out-crossing, which enhances genetic

diversity and is known to have a fitness advantage. Sex

chromosomes have evolved multiple times independently

in animals, plants and fungi (Graves and Shetty, 2001;

Fraser et al., 2004; Ming and Moore 2007). Sex chromo-

somes reinforce dioecy and result from selective pressure

to link two sex determination mutations, one promoting

maleness and the other suppressing femaleness (Charles-

worth and Charlesworth, 1978; Charlesworth, 1991). These

sex determination loci were permanently linked when

suppression of recombination occurred in this region and

a proto-Y (or Z) chromosome was formed. The absence of

recombination leads to accumulation of deleterious muta-

tions, degeneration of the Y (or Z) chromosome, and the

formation of heteromorphic sex chromosome pairs as

seen in ancient sex chromosome systems. A broad defi-

nition of sex chromosomes could be simply that they

contain sex determination genes, even without suppres-

sion of recombination at the sex determining region, as in

strawberry (Spigler et al., 2008). A more strict definition

would include suppression of recombination at the sex-

determining region and degeneration of its gene content,

as demonstrated in ancient human sex chromosomes and

nascent sex chromosomes in plants and fish (Skaletsky

et al., 2003; Liu et al., 2004; Peichel et al., 2004; Yin et al.,

2008).

Papaya is one of the two trioecious species in the family,

and sex determination is controlled by primitive sex chro-

mosomes (Liu et al., 2004). When compared with the

166 million year old human sex chromosomes, papaya sex

chromosomes are at the beginning of their evolution, which

started approximately 2–3 million years ago (Mya) (Yu et al.,

2008a). Dioecy appears to be ancestral in the family Caric-

aceae, as no hermaphroditic species exist in the family.

Papaya sex chromosomes are probably evolved from an

ancestral sex determination system that is shared at least

with Vasconcellea, if not the entire family, because inter-

generic crosses between Carica and Vasconcellea species

showed no functional complementation for sex determina-

tion, indicating that their sex determination genes are allelic

(Magdalita et al., 1997).

Papaya has an XY system with two slightly different Y

chromosomes, a male-specific Y and a hermaphrodite-

specific Yh (Ming et al., 2007a). At least one X chromosome

is required for the survival genotypes: XX female, XY male,

and XYh hermaphrodite (YY, YhYh and YYh are embryo-

lethal). Moreover, the Y and Yh chromosomes are mutually

exclusive, and no papaya has been found with an XYY, XYYh

or XYhYh genotype. Both the Y and Yh chromosomes contain

a small male-specific region (MSY) of approximately 8–9 Mb

with low gene density and a high level of repetitive

sequences (Yu et al., 2007, 2008a,b; Ming et al., 2008). The

MSY in papaya is pericentric and probably includes the

centromere (Zhang et al., 2008).

The first six papaya sex-linked genes were identified in

two MSY BACs and two corresponding X BACs, including

four genes on the MSY BACs and six genes on the X BACs

(Yu et al., 2008a). These six genes were named based on

their sequential location on the BACs following the example

of the Silene sex-linked genes (Filatov and Charlesworth,

2002; Nicolas et al., 2005). Four X/Yh gene pairs were

analyzed and the estimated divergence time between the X

and Yh chromosomes was 2–3 million years (Yu et al.,

2008a), perhaps after the speciation event of C. papaya that

occurred more than 3 Mya (Aradhya et al., 1999). These

results indicate that sex chromosomes cannot be ancestral

in the family Caricaceae. Recombination between the X and

Y chromosomes in the MSY region may have been sup-

pressed over the past 2–3 million years, and the X and Y

sequences have diverged, sharing approximately 83–86%

genomic sequence identity (Yu et al., 2008a,b). However, the

Y and Yh homologous BACs shared 98.8% sequence identity,

including the repetitive sequences, and the estimated time

of divergence is approximately 73 000 years (Yu et al.,

2008b). Given the prevalence of dioecy in the family Caric-

aceae, hermaphroditic papayas probably evolved from the

males with the Y chromosome.

Currently, it is not known whether sex chromosomes exist

in other genera of Caricaceae. The only species that is certain

to have no sex chromosomes is the monoecious species

V. monoica, because there is no sexual dimorphism among

individual plants. The objective of this study was to assess

the MSY homologous regions in selected Vasconcellea

species to test whether sex chromosomes have evolved in

Vasconcellea, and if so, whether the sex chromosomes

originated before or after the speciation events of these two

genera and within Vasconcellea.

RESULTS

The six X/Y gene pairs selected for this experiment are

located on two pairs of papaya X/Y homologous BACs,

genes 1–3 on X/Y BACs SH53E18 and SH85B24 (GenBank

accession numbers EF661026 and EF661024) and genes 4–6

on X/Y BACs SH61H02 and SH95B12 (GenBank accession

numbers EF661023 and EF661025). These two pairs of BACs

are 4–5 Mb apart, and span approximately 60% of the

8–9 Mb papaya MSY, and the gene numbers are based on

their positions on the BACs (Figure S1). The X/Y allelic

sequences of the six target genes were amplified from

Vasconcellea species, including genes 1 and 3 that have not

been reported before. Distinct X and Y alleles of gene 1 were

obtained from three dioecious and one trioecious species,

but only the X allelic form was obtained from the monoe-

cious species V. monoica. For the other five gene pairs, we

only obtained fragments of both sex types from one to three

Vasconcellea species, despite numerous attempts (Tables
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S1 and S2). This difficulty was mainly attributed to large

introns and possible sequence variations. The autosomal

gene ANKYRIN was amplified from all five Vasconcellea

species with only one allelic form.

The X alleles of genes 1–3 in papaya were located on the

X-specific BAC SH53E18 (Table S3), and the Y allele of

gene 2 was on the Y-specific BAC SH85B24 (gene 3 was

deleted from the MSY) (Yu et al., 2008a). The Y allele of

gene 1 was not identified until MSY BAC SH69A08 was

sequenced recently (GenBank accession number

AM778093). The availability of this sequence enabled us to

locate gene 1, which was 1.7 Mb away from BAC SH85B24.

The X allele of papaya gene 1 encoded 684 amino acids in 19

exons, and the closest match to the sequence is a protein

kinase-like protein from Arabidopsis thaliana (AT5G14720).

In contrast, the Y allele encoded 678 amino acids, with a

deletion of six amino acid residues in exon 15 (truncated

sequence LLNFTA). As gene 1 was predicted to be a kinase-

like protein, we also performed a sequence search in the

Research Collaboratory for Structural Bioinformatics (RCSB)

Protein Data Bank (PDB). The N-terminal amino acid

sequence of gene 1 had 43% identity (125 of 292 residues)

with human STE20-like kinase 3 (MST3, STK24, PDB acces-

sion number 2j51; Pike et al., 2008), which is on the long arm

of the human X chromosome (National Center for Biotech-

nology Information accession HsX_11943).

Partial coding sequences of the six X/Y gene pairs (genes

1–6) and the autosomal gene ANKYRIN were analyzed to

determine the degree of synonymous (Ks) and non-synon-

ymous (Ka) divergence within and between species. The

ratio of non-synonymous to synonymous divergence (Ka/Ks)

between the X and Y alleles can be used to infer the degree

of functional constraint and the level of divergence. The total

number of synonymous and non-synonymous sites, muta-

tions and the degree of divergence are summarized in

Table 1 and Tables S4–S8. All six X/Y gene pairs had Ka/Ks

ratios <1, indicating functional constraint. For gene 1, which

was obtained in all six species, Ka/Ks ratios ranged from 0.07

to 0.51 for comparison of X versus Y alleles within species,

from 0 to 0.31 for comparison of X versus X alleles between

species, and from 0.07 to 0.74 for comparison of Y versus Y

alleles between species.

In addition to the Ka/Ks ratios, the number of synonymous

and non-synonymous mutations is also an indication of the

level of divergence. Within Vasconcellea species, the num-

ber of synonymous mutations between X and Y alleles

ranged from 0 to 8, and the number of non-synonymous

mutations ranged from 1 to 7 (Table 1). Between genera (i.e.

for Carica papaya versus Vasconcellea species), the num-

bers of synonymous and non-synonymous mutations

increased to 13–30 and 6–24, respectively, for the X allele,

and to 12–32 and 8–23 for the Y allele. Between Vasconcellea

species, the numbers of synonymous and non-synonymous

mutations were 1–6 and 0–3, respectively, for the X allele,

and 0–12 and 0–8 for the Y allele. Similar patterns were

observed for the other five X/Y gene pairs (Tables S4–S8).

For the autosomal gene ANKYRIN, the Ka/Ks ratios ranged

from 0.05 to 0.13 between Carica and Vasconcellea species

and from 0.32 to 0.49 among Vasconcellea species (Table 2).

The numbers of synonymous and non-synonymous muta-

tions were 12 and 2, respectively, for all five pairwise

comparisons between Carica and Vasconcellea species, and

ranged from 0 to 2 and 0 to 3, respectively, among

Vasconcellea species. It should be noted that six pairwise

comparisons of ANKYRIN showed no synonymous or non-

synonymous mutations among Vasconcellea species.

Divergence times of X/Y pairs from each species were

determined using the uncorrelated Bayesian relaxed-clock

model, with branch rates independently drawn from an

exponential distribution with a mean substitution rate of

7.1 · 10)9 substitutions per site per year (Ossowski et al.,

2010), as implemented in the software BEAST 1.4 (Drum-

mond et al., 2006; Drummond and Rambaut, 2007). For

C. papaya, mean divergence times ranged from 0.57 to

5.4 Mya for X/Y alleles (Table 3), consistent with previous

reports of the relatively recent divergence of the X and Y

chromosome in this species (Yu et al., 2008a,b). The mean

divergence time of the C. papaya male Y and hermaphroditic

Yh was consistently more recent than the X/Y divergence,

ranging from 0.13 to 0.32 Mya, supporting the hypothesis

that hermaphrodites derived from males in the recent past.

The estimated divergence times of the allele pairs for

Vasconcellea species was similar to that found for C. papaya

X/Y alleles. Estimated divergence times ranged from 0.89 to

4.4 Mya for V. goudotiana, 0.80 to 3.1 Mya for V. pulchra,

0.7 to 2.0 Mya for V. parviflora and 0.64 to 2.8 Mya for

V. cundinamarcensis. For all genes, the divergence times for

all X/Y pairs were more recent than the mean divergence

time of Carica from Vasconcellea species (6.8–14.6 Mya),

indicating independent evolution of X/Y alleles in these

genera.

We tested the possibility of evolutionary strata on the

C. papaya MSY by comparing the mean estimated diver-

gence times of the X/Y alleles of genes 1–3 with the mean

estimated divergence of genes 4–6; these groups of genes

are found on separate BAC clones and are physically

separated on the MSY by 4–5 Mb. Although the mean

divergence time for genes 4–6 (3.2 � 1.1 Mya) was almost

twice that of genes 1–3 (1.7 � 0.30 Mya), these ages were

not significantly different (t test, P > 0.05). Thus, the pres-

ence of evolutionary strata is not supported based on this

limited survey of MSY genes.

We analyzed the phylogenies of X/Y alleles (or triplets for

papaya) among C. papaya and Vasconcellea species using

Bayesian, maximum-likelihood, maximum-parsimony and

neighbor-joining methods (Figure 1 and Figures S2–S4).

Except for gene 4 (exons 1 and 2), C. papaya X, Y and Yh

alleles formed a cluster that was clearly separated from their
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Vasconcellea homologs in five of the six phylogenetic trees.

Among C. papaya X, Y and Yh alleles, the Y and Yh alleles

formed a sub-cluster before joining the X allele in genes 4

(exons 7–18), 5 and 6.

The X/Y alleles for genes 1, 2 and 4 formed a distinct

cluster in V. pulchra, as did the X/Y alleles for genes 1, 3 and

4 in V. parviflora. The X/Y alleles of genes 1, 2, 4 and 6 were

amplified from V. goudotiana, and genes 2 and 4 formed a

distinct cluster, but genes 1 and 6 did not. Similarly, the X/Y

alleles of genes 1 and 6 were amplified from V. cundinam-

arcensis: gene 6 formed a distinct cluster, but gene 1 did not.

To verify the phylogenetic relationships, we examined

single nucleotide polymorphisms (SNPs) between Carica

and Vasconcellea X and Y alleles. If the sex chromosomes

evolved after a speciation event, the SNP haplotypes would

differ between species, but not within species. Indeed, this

type of SNP haplotype is prevalent in our data (Figure S5).

For example, at gene 1, exon 1, bp 45, papaya X and Y have

GAA, encoding glutamic acid, whereas all Vasconcellea

species have GAT, encoding aspartic acid. At gene 1,

exon 1, bp 51, both papaya X and Y have AAA, coding for

lysine, but all the Vasconcellea species share AAG, which

also encodes lysine. Twenty polymorphic synonymous

mutations and three non-synonymous mutations were

found with this pattern in the 800 bp of exons 1 and 2 of

gene 1. For the exon fragments of other genes, the SNP

haplotypes of papaya were also more identical between X

and Y alleles than across species. Only a few exceptions

Table 1 Estimates of synonymous and non-synonymous nucleotide divergence within and between species for gene 1

Species
Total
sites

Total
coding
sites

Synonymous
sites

Non-
synonymous
sites

Synonymous
mutations

Non-
synonymous
mutations Ks Ka Ka/Ks

Within species, X versus Y alleles
C. papaya (Cp) 10 732 2034 457.3 1576.8 4 7 0.009 0.004 0.51
V. cundinamarcensis (Vc) 766 255 59.8 195.2 0 2 0.000 0.010 –
V. goudotiana (Vg) 2076 768 179.9 588.1 8 2 0.046 0.003 0.07
V. parviflora (Vpa) 1680 510 123.8 386.2 3 3 0.025 0.008 0.32
V. pulchra (Vpu) 782 273 64.4 208.6 2 1 0.032 0.005 0.15

Between species, X allele
Cp versus Vc 885 375 91.3 283.8 16 6 0.200 0.021 0.11
Cp versus Vg 2951 990 233.2 756.8 30 24 0.141 0.031 0.22
Cp versus Vm 2104 795 185.1 609.9 26 10 0.156 0.017 0.11
Cp versus Vpa 1739 576 140.3 435.8 16 19 0.124 0.045 0.36
Cp versus Vpu 826 321 75.1 245.9 13 6 0.197 0.025 0.13
Vc versus Vg 886 375 92.2 282.8 1 0 0.011 0.000 0.00
Vc versus Vm 888 375 92.3 282.7 2 1 0.022 0.004 0.16
Vc versus Vpa 887 372 91.5 280.5 4 0 0.045 0.000 0.00
Vc versus Vpu 826 321 75.9 245.1 5 1 0.069 0.004 0.06
Vg versus Vm 2116 783 184.8 598.2 3 3 0.016 0.005 0.31
Vg versus Vpa 910 396 98.2 297.8 3 0 0.031 0.000 0.00
Vg versus Vpu 825 321 75.9 245.1 5 1 0.069 0.004 0.06
Vm versus Vpa 1761 519 125.9 393.1 5 3 0.041 0.008 0.19
Vm versus Vpu 827 321 76.1 244.9 6 2 0.083 0.008 0.10
Vpa versus Vpu 828 321 75.9 245.1 4 1 0.055 0.004 0.07

Between species, Y allele
Cp versus Vc 762 255 58.7 196.3 12 8 0.239 0.042 0.18
Cp versus Vg 3046 999 233.8 765.2 32 23 0.151 0.033 0.22
Cp versus Vm 2067 768 178.1 589.9 28 10 0.176 0.017 0.10
Cp versus Vpa 1610 456 107.2 348.8 15 15 0.155 0.044 0.29
Cp versus Vpu 779 279 63.8 215.2 12 6 0.216 0.028 0.13
Vc versus Vg 790 255 59.8 195.3 5 3 0.089 0.016 0.17
Vc versus Vm 767 252 59.7 192.3 0 3 0.000 0.016 –
Vc versus Vpa 768 252 59.5 192.5 4 2 0.070 0.010 0.15
Vc versus Vpu 760 252 59.8 192.2 3 2 0.052 0.010 0.20
Vg versus Vm 3027 999 238.5 760.5 12 8 0.052 0.011 0.20
Vg versus Vpa 1138 438 105.4 332.6 8 4 0.080 0.012 0.15
Vg versus Vpu 782 294 69.3 224.8 4 1 0.060 0.004 0.07
Vm versus Vpa 1739 510 123.3 386.8 8 7 0.068 0.018 0.27
Vm versus Vpu 781 273 64.5 208.5 4 1 0.065 0.005 0.07
Vpa versus Vpu 782 273 64.3 208.7 3 0 0.048 0.036 0.74

Vm, V. monoica.
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were found in which only one allelic form of papaya was

mutated while the other remained identical to those of

Vasconcellea species. At gene 1, exon 1, bp 30, the papaya

Y allele has a CCT synonymous mutation encoding proline,

while the Vasconcellea species have a CCC codon, the same

as papaya X allele. Likewise, at gene 1, exon 1, bp 105,

where the papaya X allele was TGT (cysteine), but the Y

allele was TGC (cysteine), which is the codon found in all five

Vasconcellea species. Nevertheless, these exceptions do not

change the general conclusion that the X/Y(Yh) chromosome

system in papaya evolved independently of the Vasconcel-

lea genus.

SNP haplotypes from V. pulchra and V. parviflora

appeared to support independent evolution of nascent sex

chromosomes in each of these two species. At gene 2,

exon 6, bp 141, both the X and Y alleles of V. pulchra had

codon CTA, coding for leucine, whereas the other four

Vasconcellea species had the synonymous codon CTC. At

gene 5, exon 11, bp 323, the X and Y alleles of V. parviflora

had codon GTA, coding for proline, whereas the other four

Vasconcellea species had the synonymous codon GTG.

Close examination of gene 1 sequences showed that most

variations were at the C-terminal exons. For the allele of the

monoecious species V. monoica, a deletion of two amino

acid residues (KY) occurred at bp 23–28 of exon 16. For both

the X and Y alleles of V. parviflora, an insertion of guanine at

bp 12 of exon 18 resulted in a frameshift mutation such that

the sequence PSTPRERELMAQ was amended to RFYSWRE-

RAHSA. For the X allele of V. goudotiana, an SNP at bp 44 of

exon 15 resulted in a change from TCA (Y allele sequence)

Table 2 Estimates of synonymous and non-synonymous nucleotide divergence within and between species for the autosomal ANKYRIN gene

Species
Total
sites

Total
coding
sites

Synonymous
sites

Non-synonymous
sites

Synonymous
mutations

Non-synonymous
mutations Ks Ka Ka/Ks

Between species
Cp versus Vc 1477 453 111.2 341.8 12 2 0.117 0.006 0.05
Cp versus Vg 1583 456 111.8 344.2 12 2 0.116 0.006 0.05
Cp versus Vm* 1582 456 111.8 344.2 12 2 0.116 0.006 0.05
Cp versus Vpa 1579 456 111.8 344.2 12 2 0.116 0.006 0.05
Cp versus Vpu 1581 456 112.0 344.0 12 5 0.116 0.015 0.13
Vc versus Vg 1549 453 111.3 341.7 0 0 0.000 0.000 –
Vc versus Vm 1550 453 111.3 341.7 0 0 0.000 0.000 –
Vc versus Vpa 1547 453 111.3 341.7 0 0 0.000 0.000 –
Vc versus Vpu 1545 453 111.5 341.5 2 3 0.018 0.009 0.49
Vg versus Vm 1660 456 112.0 344.0 0 0 0.000 0.000 –
Vg versus Vpa 1653 456 112.0 344.0 0 0 0.000 0.000 –
Vg versus Vpu 1650 456 112.2 343.8 2 3 0.018 0.009 0.49
Vm versus Vpa 1653 456 112.0 344.0 0 0 0.000 0.000 –
Vm versus Vpu 1650 456 112.2 343.8 2 2 0.018 0.006 0.32
Vpa versus Vpu 1648 456 112.2 343.8 2 3 0.018 0.009 0.49

Cp, C. papaya; Vc, V. cundinamarcensis; Vg, V. goudotiana; Vpa, V. parviflora; Vpu, V. pulchra.

Table 3 Estimated divergence times (Mya) for X/Y alleles in C. papaya and Vasconcellea species

Comparisona

Gene ID

1 2 3 4 (region 1) 4 (region 2) 5 6

C. papaya 1.4b (0.23, 3.4)c 2.0 (0.36, 4.5) – 5.4 (1.2, 12.6) 4.5 (1.0, 10.4) 2.5 (0.52, 6.1) 0.57 (0.03, 1.5)
C. papaya (Y/Yh)d ND 0.19 (0, 0.64) – – – 0.13 (0, 0.47) 0.32 (0, 1.0)
V. goudotiana 4.4 (1.4, 9.6) 0.89 (0.09, 2.1) – – 0.74 (0.04, 2.2) – 3.2 (0.79, 7.2)
V. pulchra 0.80 (0.15, 1.8) 0.44 (0.005, 1.3) – 3.1 (0.56, 8.0) – – –
V. parviflora 1.0 (0.21, 2.3) – 2.0 (0.21, 5.4) – – 0.70 (0.06, 1.8) –
V. cundinamarcensis 2.8 (0.66, 5.8) – – – – – 0.64 (0.09, 1.5)
C. /Vasoncellea sp.e 13.9 (4.4, 28.7) 13.2 (4.7, 26.4) 10.5 (3.0, 22.3) 14.7 (4.4, 31.6) 13.2 (4.3, 27.4) 7.2 (2.3, 14.5) 6.8 (2.4, 14.1)

aComparisons between X and Y alleles unless otherwise noted.
bMean estimated divergence time in millions of years.
cLower and upper bounds of the 95% highest posterior density interval.
dDivergence time estimates for the male Y and hermaphroditic Yh.
eEstimated mean divergence time of C. papaya and Vasconcellea species.
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encoding serine, to TAA (X allele sequence), which is a

premature stop codon.

We examined the possibility of gene conversion of these

X/Y gene pairs using GENECONV software (Sawyer, 1989,

1999). No gene conversion was detected in gene 3 or the

autosomal gene ANKYRIN. For the remaining five genes,

only short fragments in six of the 24 pairs of sequences

within species showed gene conversion, including 707 bp of

gene 1 in V. parviflora, 111 bp of gene 2 in V. pulchra, 95 bp

of gene 4 in papaya, 252 bp of gene 5 in papaya, 157 bp of

of gene 6 in V. cundinamarcensis, and 371 bp of gene 6 in

V. goudotiana (Table S9). We reconstructed the phyloge-

netic trees after removing the sequences with gene conver-

sion, and the resulting trees were the same as in Figure 1

(Figure S6). The limited amount of gene conversion corrob-

orated our conclusion that the divergence between MSY and

its X counterpart is the consequence of recombination

suppression at the sex-determining region over the course

of sex chromosome evolution.

A summary diagram representing the evolution of the sex

chromosomes in the Vasconcellea and C. papaya clade in a

simplified form is shown in Figure 2.

DISCUSSION

Sexual reproduction increases genetic diversity and gener-

ates novel allele combinations for natural selection to act on

(Weismann, 1889; Goddard et al., 2005; Paland and Lynch,

2006). The emergence of sex chromosomes requires the

suppression of recombination in the genomic region har-

boring the sex determination genes, which leads to degen-

eration of the Y (if male heterogametic) or Z (if female

heterogametic) chromosome and the divergence of X/Y (or

A. thaliana AT5G14720
 V. goudotiana-X

 V. goudotiana-Y
 V. pulchra-X
 V. pulchra-Y

 V. parviflora-X
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 V. monoica
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 V. pulchra-Y
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 C. papaya-Y-h
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0.05

A. thaliana AS2
 C. papaya-X

 V. parviflora-X
 V. parviflora-Y
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Gene 2

 A. thaliana SEC6
 C. papaya-X

 C. papaya-Y-h
 V. pulchra-X
 V. pulchra-Y
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0.05

A. thaliana SEC 6
 V. goudotiana-X
 V. goudotiana-Y

 C. papaya-X
 C. papaya-Y-h
 C. papaya-Y

100

100

0.05

Gene 4 (Exon 1–2) Gene 4 (Exon7–18)

 A. thaliana BAK1
 V. parviflora-X
 V. parviflora-Y

 C. papaya-X
 C. papaya-Y-h
 C. papaya-Y

100

82

0.05

 A. thaliana AT1G34220
 V. goudotiana-X
 V. cundinamarcensis-X
 V. cundinamarcensis-Y

 C. papaya-X
 C. papaya-Y-h
 C. papaya-Y

 V. goudotiana-Y

78

65
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Gene 5 Gene 6

 A. thaliana AT5G07270

 C. papaya

 V. pulchra

 V. goudotiana

 V. monoica

 V. cundinamarcensis

 V. parviflora

80
73

63

0.05

Autosomal ANKYRIN

Gene 3 

Figure 1. Bayesian phylogenetic trees of papaya

sex-linked genes 1–6 and the autosomal gene

ANKYRIN.

All trees were generated from genomic sequence

alignments (using all sites except gaps) using

the MrBayes (3.1.2) method (Huelsenbeck and

Ronquist, 2001). Other methods (maximum-

likelihood, maximum-parsimony and neighbor-

joining) yielded similar results. Branch lengths

are shown in proportion to total sequence diver-

gence. Numbers at nodes are bootstrap values

that exceed 50% (based on 1000 replicates).

Corresponding homologs of A. thaliana were

used as the outgroup. X and Y represent the

X- and Y-specific alleles, respectively. For

papaya, Y represents the male Y allele and Y-h

represents the hermaphrodite Yh allele.
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Z/W) alleles (Charlesworth and Charlesworth, 1978;

Charlesworth, 1991; Ming et al., 2007b). After the primitive

sex chromosomes were uncovered in papaya (Liu et al.,

2004), the question arose as to whether such sex chromo-

somes exist in other genera of Caricaceae. We investigated

selected species of Vasconcellea, the closest relatives of

Carica, using six sex-linked genes cloned in papaya (Yu

et al., 2008a,b). Distinctive X- and Y-specific alleles in three

dioecious and one trioecious Vasconcellea species were

identified, whereas only one allelic form was identified in the

monoecious species V. monoica. Synonymous and non-

synonymous mutations were found between X and Y alleles,

and the estimated divergence times between the X and Y

alleles in Vasconcellea species ranged from 0.64 to 4.4 Mya.

In contrast, only one allelic form of the autosomal gene

ANKYRIN was found in each species, and no synonymous

and non-synonymous mutations were found in six of the ten

pairwise comparisons among five Vasconcellea species. Our

results demonstrated that sex chromosomes have evolved

in at least some, if not all, dioecious and trioecious

Vasconcellea species.

The six X/Y gene pairs used in this experiment are 4–5 Mb

apart, spanning more than half the 8–9 Mb papaya MSY (Yu

et al., 2008a). The identification of X and Y allelic forms of six

orthologous genes in Carica and Vasconcellea indicated that

their sex chromosomes evolved from the same ancestral

autosomes. It is likely that Carica and Vasconcellea, if not the

entire family, share the same ancestral sex determination

genes that triggered sex chromosome evolution.

Our next question was whether sex chromosomes

evolved before or after the speciation event of the two

genera. If it occurred before the speciation event, all alleles

of the same sex type regardless of the species should be

clustered together; if it happened after the speciation event,

the X and Y alleles within species would be clustered

together but separated from the X and Y allele clusters of

other species, as shown for the most recently diverged X/Y

gene pairs on the sex chromosomes of selected Silene

species (Nicolas et al., 2005). Our results showed that the

papaya X, Y and Yh alleles form a distinct cluster from other

X and Y alleles of Vasconcellea species (Figure 1), showing

that the sex chromosomes in Carica evolved after the

divergence of these two genera. Furthermore, the estimated

divergence time of X/Y alleles in C. papaya was more recent

than the divergence time of these two genera (Table 3),

demonstrating that X/Y alleles diverged after the papaya

speciation event. Moreover, the Carica X and Y alleles have

SNP haplotypes that are different from those of Vasconcel-

lea X and Y alleles in all but a few cases. The phylogenetic

analysis, divergence estimation and SNP analysis all

strongly indicated that the sex chromosomes in Carica and

Vasconcellea have evolved independently after the specia-

tion event that separated these two genera. This is in line

with the notion that the ancestor of C. papaya moved from

South America to Central America across island chains

before formation of the Isthmus of Panama 3 million years

ago (Aradhya et al., 1999). The ancestor of papaya continued

to evolve in isolation from its sister genus Vasconcellea into

a distinct species before the sex chromosomes emerged.

The estimated divergence time between the X and Y

alleles in Carica is on average higher than that within

Vasconcellea species, although this difference is not signif-

icant (ANOVA, P > 0.05). This is in line with the fact that Carica

and Vasconcellea evolved into separate genera before the

speciation events within Vasconcellea. The number of

synonymous and non-synonymous mutations between X

and Y alleles in papaya is consistently higher than in

Vasconcellea species. Furthermore, the Y allele of gene 3

appeared to be degenerated in Carica, but still exists in

Vasconcellea. These data confirm that the Vasconcellea sex

chromosomes in some species may have evolved more

recently than in C. papaya, particularly the chromosomes of

V. pulchra, V. parviflora and V. cundinamarcensis, with

mean divergence times between 1.2 and 2.3 Mya, compared

with the mean divergence of 2.7 Mya in C. papaya (Table 3).

We also addressed the alternative hypothesis that gene

conversion has homogenized X/Y allele sequences and is

the cause of the lower divergence of X/Y alleles within Carica

and Vasconcellea species than between species. Although

we did find evidence for tracts of conversion in some X/Y

allele pairs, our analysis does not support this alternative

hypothesis (Table S9). First, the detected conversion events

were inconsistently distributed among X/Y allele pairs of

each species for any gene analyzed. For example, in gene 1,

conversion was detected among the X/Y alleles of V. pavifl-

ora, but not in C. papaya or other Vasconcellea species.

Similarly, in other genes, we found evidence for conversion
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Figure 2. Composite summary diagram based on Figure 1 showing evolution

of the sex chromosomes in Vasconcellea and Carica clade in a simplified form.

A*, autosomal allele.
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in one or two species, but not all species analyzed. Second,

the detected gene conversion events were limited to tracts of

a hundred to a few hundred base pairs, and none spanned

the entire length of the gene. Importantly, we obtained the

same evolutionary relationships for X/Y alleles when we

removed the conversion tracts from our alignments. Thus,

while we did find evidence of limited gene conversion

among X/Y alleles for some species, we suggest that the

conversion was not sufficient to cause the evolutionary

patterns seen among X/Y alleles. Instead, we suggest that

these patterns are caused by independent origins of sup-

pressed recombination in the genetic regions containing

these genes in the various species.

Papaya is the only species in the Carica genus, but there

are 21 species in Vasconcellea, including monoecious,

dioecious and trioecious species (Ming et al., 2005). The

fact that a monoecious species exists in this genus suggests

that sex chromosomes are not ancestral for the entire

genus, although reverse evolution could account for the

monoecious species. Our data support the conclusion that

sex chromosomes evolved independently at the species

level in V. parviflora and V. pulchra, and probably in

V. goudotiana and V. cundinamarcensis as well, because

distinctive clusters of X/Y alleles formed in all genes

analyzed in V. parviflora and V. pulchra and some genes in

V. goudotiana and V. cundinamarcensis.

Is it possible that these six genes are located in a recently

evolved evolutionary stratum but the sex chromosomes are

ancient? Genes 1–3 and genes 4–6 are 4–5 Mb apart across

more than half the MSY, but the mean estimated divergence

times of X/Y alleles in C. papaya are not significantly

different. We cannot test for strata in Vasconcellea sp.,

however, as details of the physical and/or genetic positions

of these loci are lacking in these species. We hypothesize

that the MSY region in Carica and Vasconcellea probably

expanded from initial recombination suppression in a region

containing a shared pair of sex determination genes, but

appears to have occurrred too recently for formation of

detectable evolutionary strata.

Although sex chromosomes in these two genera evolved

recently, degeneration of the Y chromosome is already in

progress. In addition to the Y allele of gene 3 being deleted in

papaya, the Y allele of gene 1 in V. goudotiana may be a

pseudogene due to a point mutation resulting in a

premature stop codon.

EXPERIMENTAL PROCEDURES

Plant materials and sex allele identification

Five Vasconcellea species were selected for this experiment,
including one trioecious species, V. cundinamacensis, three dioe-
cious species, V. parviflora, V. goudotiana and V. pulchra, and one
monoecious species, V. monoica. Genomic DNA was extracted
using standard protocols from different sex types of the five
Vasconcellea species, together with the gynodioecious papaya

variety ‘SunUp’ and the dioecious papaya ‘Au9’. For allele identifi-
cation in Vasconcellea species, the X allele sequences were ob-
tained from female plants with the XX genotype; the Y allele
sequences were obtained from male plants with the XY genotype if
clear sequence variations were observed after comparing with the X
allele of the same species. For papaya, sex-specific alleles were
obtained from the sex-specific BACs (Yu et al., 2008a).

Degenerate primer design and degenerate PCR

Six papaya sex-linked genes were selected for amplifying homolo-
gous regions of Vasconcellea species (Yu et al., 2008a). The auto-
somal ANKYRIN gene was used as a control. The conserved regions
of each gene were used to design degenerate primers with the cri-
teria of at least 20 bp length and <96 degeneracy. Inosines were
used as a neutral base match at the most divergent positions. Partial
codons were included at the end of the primers for specific matches
(Table S1).

The degenerate primers were used to amplify target genes from
different sex types of each selected Vasconcellea species. The
degenerate PCR reaction include 1 · reaction buffer, 150 lM dNTP,
1.25 lM degenerate primer or 0.5 lM specific primer, 2 units
EconoTaq (#30031-1; Lucigen) and 5 ng genomic DNA template.
Amplification was performed using the program: 94�C for 5 min; 40
cycles of 94�C for 30 sec, 50�C for 45 sec and 72�C for between
40 sec and 2 min (according to the PCR product size), and 72�C for
10 min.

Cloning and sequencing

The specific PCR products matching the target size were purified
using a PCR Clean-Up Kit (#A9282; Promega, http://www.
promega.com/) and cloned into pGEM-T EASY vector (#A1360;
Promega) according to the manufacturer’s instructions. The ligation
products were transformed into JM109-competent cells (Promega).
Positive colonies were confirmed by PCR using T7-pro primer
(5¢-GTAATACGACTCACTATAGGGC-3¢) and M13Rev-48 primer (5¢
GAACAGCTATGACCATGATTAC-3¢). Plasmids of positive colonies
were isolated and adjusted to a concentration of 100–200 ng ll)1 for
sequencing using the T7-pro and M13Rev-48 primers at the Uni-
versity of Illinois at Urbana-Champaign Core Sequencing Facility.
Each gene fragment was sequenced at least twice to eliminate any
sequence error.

Primer walking

Once the gene sequences from Vasconcellea species were avail-
able, sequence-specific primers (Table S2) were designed based
on the conserved regions to amplify the genes in those species
that could not be amplified by degenerate primers. Nested
sequence-specific primers were designed to further extend the
sequences.

DNA sequence divergence analysis

Pairs of sequences were sequentially aligned using the BioEdit
program (Hall, 1999). The alignments were exported in.nex format
file for analysis using the DnaSP 4.20 program (Rozas et al.,
2003). Exons and introns of the X and Y gene pairs amplified
from Vasconcellea species were designated based on the papaya
gene structure. The numbers of synonymous substitutions per
synonymous site (Ks), non-synonymous substitutions per non-
synonymous site (Ka), and synonymous and non-coding substi-
tutions per silent site (Ksil) were calculated as described by Nei
and Gojobori (1986) and implemented in DnaSP 4.20 (Rozas et al.,
2003).
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Divergence times of X/Y pairs from each species were determined
using the program BEAST version 1.4 (Drummond et al., 2006;
Drummond and Rambaut, 2007). We used an uncorrelated Bayesian
relaxed-clock model with branch rates independently drawn from
an exponential distribution with a mean substitution rate of
7.1 · 10)9 substitutions/site/year, which is the mean mutation
rate in A. thaliana based on mutation accumulation experiments
(Ossowski et al., 2010). This substitution rate was used instead of
providing calibration times for internal nodes, as fossil calibration
times are not available for the divergence of C. papaya and
Vasconcellea species. For each gene, the combined results of two
runs with 10 million steps are presented.

The location of specific point mutations and changes in coding
amino acids were documented using a self-written Perl script
(Appendix S1).

Phylogenetic analysis

Multiple sequences were first aligned using the CLUSTALW pro-
gram (Larkin et al., 2007), and the alignments were exported to
MEGA 4.0 (Tamura et al., 2007) for neighbor-joining and maximum-
parsimony analysis (both used 1000 replications for bootstrap).
The alignments were also exported to MrBayes 3.1.2 (Huelsenbeck
and Ronquist, 2001) for Bayesian analysis (General Time
Reversible (GTR)+ invgamma model, 500 000 generations). The
maximum-likelihood analysis was performed using PhyML 3.0
(Guindon and Gascuel, 2003) with a GTR model and the best of
nearest neighbor interchanges (NNIs) tree topology. Homologs in
Arabidopsis thaliana were used as an outgroup in all gene tree
analyses.

Gene conversion analysis

We used GENECONV software version 1.81 (Sawyer, 1989, 1999) for
gene conversion analysis. Both the global and pairwise compari-
sons were performed using 10 000 permutations. The fragments
with higher significance than the Karlin–Altschul P value were
recorded (Sawyer, 1989).
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